Madin Darby canine kidney (MDCK) cells are a well characterized epithelial cell line used to study mechanisms of polarized delivery. As glycans on apically expressed proteins have been identified as targeting signals, and crosslinking by the abundant galectin-3 has been implicated in the mechanism of glycan-dependent sorting, we wanted to identify other members of the galectin (Gal) family expressed in MDCK cells. By analyzing intron-exon boundaries, we identified canine genes that were highly homologous to mammalian Gal-1, 2, 3, 4, 7, 8, 9, and 12, and galectin-related HSPC159 and GRIFIN. Transcripts for Gal-2 and -12 were not detected in MDCK cells, but we found transcript levels for Gal-3 > Gal-9 > Gal-8 > Gal-1 Gal-4 > Gal-7. Canine Gal-1, -2, -3, -4, -7, -8, -9, and -12 were cloned and expressed in Escherichia coli as GST fusion proteins to characterize binding specificities on arrays of synthetic glycans on glass slides from Core H of the NIH Consortium for Functional Glycomics. Individual expression of the N-terminal (GST-Gal-9N) and C-terminal (GST-Gal-9C) carbohydrate recognition domains greatly improved protein yield and the ability to characterize Gal-9 binding on the array. Canine galectins differentially bound sulfated disaccharides as well as human blood groups A, B, and H on both N-glycans and linear glycan structures on the array. Analysis of GSTGal-1, -3, -4, -7, -8, -9N, and -9C binding to immunopurified human MUC1 expressed in MDCK cells revealed a preference for binding GST-Gal-3 and -9, which interestingly reflects the two most abundant galectins expressed in MDCK cells.
The functions of glycans on glycoproteins are quite varied, with immature N-linked glycans playing a key role in protein folding and quality control within the endoplasmic reticulum, and mature terminally processed N-and O-linked glycans playing key roles in glycoprotein interactions as diverse as subcellular targeting, signal transduction, cell-matrix interactions, cell-cell interactions, and cell-microbe interactions (1) . We are specifically interested in the role of glycans in apical targeting in polarized epithelial cells as N-glycans on secreted model proteins, and both N-glycans and O-glycans on transmembrane model proteins, have been identified as apical targeting signals (for review, see Refs. 2, 3) .
Recent studies on the mechanism of apical targeting in the model system of polarized Madin Darby canine kidney (MDCK) 3 epithelial cells has revealed that proteins with unique types of apical sorting signals are differentially sorted into subpopulations of vesicles budding from the trans-Golgi network (TGN) (4 -6) . There is also evidence that some apical proteins traffic through unique endocytic compartments within the biosynthetic pathway such that proteins like influenza hemagglutinin and GPI-anchored proteins that exhibit a lipid raft-dependent targeting signal, transit the apical early endosome (AEE), while proteins like endolyn and p75 neurotrophin receptor that exhibit an N-glycan-and O-glycan-dependent targeting signal, respectively, transit the apical recycling endosomes (ARE) (7, 8) . MUC1 is a transmembrane glycoprotein with a mucin-like ectodomain that is localized on the apical surface of epithelial cells; it provides protection from pathogens and likely plays a key role in epithelial development, repair and tumorigenesis (for review, see Ref. 9) . Although the targeting signal for MUC1 apical delivery in polarized epithelial cells has not been defined, studies with MUC1 chimeras in MDCK cells did reveal that the signal is within the mucin-like ectodomain of MUC1 (10) . We also observed that apical delivery of MUC1 in polarized MDCK cells was blocked by ablation of the ARE, but not the AEE, consistent with a glycan-dependent apical targeting signal for MUC1 (11) . Interestingly, Delacour et al. (12, 13) reported that vesicles budding from the TGN carrying lipid-raft-independent cargo contain galectin-3, and that galectin-3 crosslinking of the glycoprotein cargo is required for apical sorting. As galectin-3 (Gal-3) constitutes only one member of the family of galectins and MUC1 interactions with Gal-3, and correlative expression with Gal-1 and -4 have been reported (14 -17) , we were interested in the identification, cloning, and characterization of all canine galectins expressed in MDCK cells.
The family of galectins is characterized by (i) their affinity for binding glycoconjugates containing ␤-galactose, (ii) their homologous sequence and structural elements, and (iii) their conserved exon/intron junctions (18 -21) . Galectins were previously named S-type lectins as many in this group are stabi-lized by the presence of thiols, and oxidation of the invariant Cys correlates with inactivation. There are more than a dozen galectins described in the literature and they are more or less numbered based on the order of their discovery although they fall into three subgroups. Prototypical galectins like Gal-1, with a single carbohydrate recognition domain (CRD) of about 130 residues, usually form dimers. Other members of this subgroup include Gal-2, -7, -10, -13, -14, -15, and galectin-related proteins PP13, PPL13, HSPC157, and GRIFIN (the latter four lack essential glycan-interacting residues and thereby the ability to bind glycoconjugates). Gal-3 comprises the only member of the chimeric subgroup with one CRD and a unique N-terminal domain involved in formation of multimers. Members of the third subgroup termed tandem-repeat, have two non-identical CRD joined by a linker domain, and include Gal-4, -6, -8, -9, and -12. Interestingly, a phylogenetic analysis of gene locations, exon-intron structures and sequences of chordate galectins revealed that Gal-1 is not the prototypical galectin (22) . Instead, duplication of a mono-CRD galectin gene early in chordate evolution gave rise to a bi-CRD galectin gene, and independent evolution of the Nterminal CRD and C-terminal CRD gave rise to two distinct mono-CRD types including Gal-7, -10, -14, PP13, and PPL13 in the F4-group, and Gal-1, -2, -3, -5, HSPC159, and GRIFIN in the F3-group, respectively (22) . Although canine Gal-3 and Gal-8 were included in this latter analysis, there have been no additional studies of canine galectin genes despite the availability of the dog genome and the widespread interest in the well-characterized model of MDCK cells. Friedrichs et al. (23) did estimate the levels of transcripts for some of the galectins in MDCK cells using real-time polymerase chain reaction (PCR). We now report the identification of eight canine galectin genes (and two galectin-like genes), of which six galectins are expressed in MDCK cells. We have cloned the canine galectin cDNAs and expressed them as GST-tagged proteins in order to assess their binding specificities on synthetic glycan arrays and their differential interactions with MUC1 synthesized in MDCK cells.
MATERIALS AND METHODS
Amplification of Canine Galectin RNA by RT-PCR-RNA from dog jejunum and heart (breed, Beagle) was purchased from Zyagen (San Diego, CA). MDCK type II cells (breed, Cocker Spaniel) were obtained from Gerard Apodaca (University of Pittsburgh), and RNA was isolated using Ambion RNAqueous 4PCR Kit (Austin, TX) as described by the manufacturer. First strand cDNA was synthesized from 1 g RNA using RNA Superscript II reverse transcriptase and amplified using TaqDNA polymerase (Invitrogen, Carlsbad, CA). cDNAs were amplified using internal primers listed in supplemental Table S1 by heating at 95°C for 30 s, annealing primers at 56°C for 30 s and polymerization at 72°C for 30 s. Amplified DNA (ϳ200 bp) for Gal-1, -3, -8, and -9 was visible on ethidium bromide-stained agarose gels after 28 cycles. Amplified cDNAs for Gal-2, -4, -7, and -12 were prepared with nested primers using the amplified product obtained with external primers after 28 cycles as substrate for a second amplification with the internal primers for 28 cycles.
Cloning of Canine Galectin cDNAs by RT-PCR-First strand cDNA was synthesized from heart, jejunum and MDCK RNA as already described and amplified using external primers listed in supplemental Table S1 by heating at 95°C for 30 s,  annealing primers at 56°C for 30 s and polymerization at  72°C for 60 s. Amplified cDNAs for Gal-1, -3, -4, -7, and -8  prepared from MDCK RNA, amplified cDNAs for Gal-2 and  -9 from dog jejunum RNA, and Gal-12 from dog heart RNA were cloned into pCR2.1 TOPO vector from Invitrogen. Amplified cDNAs for Gal -7, -9, and -12 were prepared with nested primers using the amplified product obtained with UTR primers after 28 cycles as substrate for a second amplification with the external primers for 28 cycles. Multiple plasmid preps for each cloned cDNA were subjected to nucleotide sequencing using M13rev and T7 primers (GenBank TM accession numbers HQ637384-HQ637391 for eight galectins).
Expression of GST-galectins in Bacteria-Gal-1, -2, -3, -4, -7, -8, -9, and -12 cDNAs were subcloned into pGEX-6P-1 for expression in bacteria as N-terminal GST fusion proteins as previously described (24) . As GST-Gal-9 repeatedly aggregated in the bacteria, we subcloned the N-terminal and Cterminal CRDs separately as GST-Gal-9N (residues 1-148) and GST-Gal-9C (residues 225-355), respectively, for further study. GST-Gal-12 also aggregated and was not further studied. Briefly, 2 liters of liquid culture were inoculated with E. coli strain BL21 transformed with pGEX-6P-1(GST-galectin). Isopropyl ␤-D-1-thiogalactopyranoside was added at mid-phase (OD ϳ0.8), and bacteria were grown with shaking overnight at room temperature. The supernatant from the lysed bacteria was incubated at 4°C overnight with 0.75 ml of a 50% slurry of glutathione-conjugated Sepharose (GE Healthcare, Piscataway, NJ) in a 15-ml conical tube with end-overend mixing. GST-galectins were released from the washed beads with 1 ml of buffer (0.05 M Tris-HCl, pH 8, 150 mM NaCl) containing 14 mM ␤-mercaptoethanol and 15 mM glutathione. After centrifugation, the supernatant was incubated with 1 ml of a 50% slurry of lactose-conjugated Sepharose (Sigma) in a 15-ml conical tube at 4°C for 30 min with endover-end mixing. The slurry was poured into a 1-cm diameter column containing a sintered glass filter and the packed column bed was overlaid with 1 ml of a 50% slurry of Sepharose 6B (Sigma). The column bed was washed with 5 ml of buffer containing 14 mM ␤-mercaptoethanol (␤ME). 2 ml of buffer containing ␤ME and 0.1 M ␣-lactose (Sigma) were added to the column, 0.5 ml collected, and the column capped for 30 min at 4°C. Fractions of 0.5 ml were collected, and the absorbance at 280 nm was determined with a spectrophotometer. The peak fractions were pooled and lactose was removed on a PD-10 column as described by the manufacturer (GE Healthcare). Final protein concentrations were calculated using individual extinction coefficients determined from the amino acid content of each GST-Gal.
Glycan Array Screening of Canine GST-galectins-Freshly prepared GST-galectins in buffer containing ␤ME were shipped overnight on ice to Core H of the Consortium for Functional Glycomics for analysis on glycan microarrays. GST-galectins were diluted to 0.1-100 g/ml in standard binding buffer (Tris-buffered saline with MgCl 2 and CaCl 2 , 1% BSA and 0.05% Tween 20) . Seventy microliters were applied to the printed surface of the array before applying the coverslip and incubation at room temperature in a humidified chamber away from light for 1 h. The coverslip was removed and the slide was rinsed four times in standard TSM washing buffer containing 0.05% Tween and four times in TSM buffer without Tween. Seventy microliters of Alexa 488 conjugated anti-GST antibody (Invitrogen) was diluted in TSM buffer and applied for one hour in a humidified chamber away from light as described. Washes were performed as above, followed by four washes in distilled water before fluorescence of the spots was measured.
MUC1 Pull-down with Recombinant GST-galectins-Polarized MDCK type II cells growing on Costar permeable supports (Corning, NY) were cultured as previously described (7, 11, 25) . Where indicated, MUC1 expression was achieved by infection with recombinant adenovirus (7, 11) . A clonal MDCK cell line expressing MUC1 was previously described (7) . Polarized MDCK cells expressing MUC1 were pulse labeled for 30 min with [ 35 S]Met/Cys and chased for 90 min, and immunoprecipitates recovered with mouse monoclonal antibody B27.29 and protein G-conjugated Sepharose as previously described (7, 11) . Proteins were eluted from protein G-conjugated Sepharose by incubation at 90°C for 2 min in buffer A (10 mM HEPES, pH 7.4, 150 mM NaCl) containing 1% SDS. The eluted material was diluted 10-fold with buffer A containing 1% Triton X-100 (and adjusted to 14 mM ␤ME). Identical samples from six 12 mm filters of polarized MDCK cells were combined and equal aliquots were incubated with either GST-Gal-1, -3, -4, -7, -8, -9N, or -9C prebound to glutathioneconjugated Sepharose (or no GST-Gal as a control), overnight on a rotating wheel at 4°C. A fresh aliquot of each GST-galectin was prepared for every experiment by affinity purification (starting material ϳ1 g) on lactose-conjugated Sepharose (25 l of a 50% slurry) and removal of lactose after subsequent binding to glutathione-conjugated Sepharose (25 l of a 50% slurry) as described above. The following day, the beads were washed with buffer A and proteins eluted by successive incubations for 15 min each on a rotating wheel at 4°C with buffer A containing (i) 0.1 M sucrose (as control), (ii) 0.1 M lactose (for specific binding) and (iii) 15 mM glutathione (to recover GST-galectins). The eluents (10 l) were recovered with a Hamilton syringe after centrifugation (10,000 ϫ g for 30 s) and mixed with 10 l of Bio-Rad sample buffer for SDS-PAGE on a precast 4 -15% gradient gel (Bio-Rad) and transfer to nitrocellulose (Millipore). Radiolabeled proteins were detected with a Bio-Rad Imager using a TR phosphorimager screen before cutting the nitrocellulose at the 100 kDa marker for immunoblotting of the large or small subunit with mouse monoclonal antibody B27.29 or Armenia hamster monoclonal antibody CT-2, respectively. Bands were detected using Perkin Elmer Western Lightning TM Plus-ECL with a Bio-Rad Versadoc or Kodak BioMax MR film, and GST-galectins were detected by Coomassie staining (Bio-Rad Bio-safe Coomassie). The levels of radiolabeled proteins, immunoblotted subunits or Coomassie-stained GST-galectins were determined with Bio-Rad Quantity One software. The level of galectin binding of radiolabeled or immunoblotted subunits was normalized to the level of galectin recovered for the same sample based on Coomassie staining (divided by the molecular weight of the galectin as reported in Table 1 ). In each experiment, maximal binding to a single galectin was set as 1 and binding to other galectins was calculated as a fraction of maximal binding. Data were combined by averaging the values for four experiments (presented as mean and S.E.).
RESULTS

Identification of Canine Galectin Genes-
The genes for canine Gal-1, -2, -3, -4, -5, -8, -9, and -12 as well as galectinrelated GRIFIN, were identified by a query of the dog genome for the term "galectin" (breed, Boxer). Identical references to canine genes were found with a query of the NCBI Nucleotide Database and searches using Nucleotide BLAST and TBLASTN. A pseudogene for Gal-1 containing a polyadenylation motif and no introns was also reported on the X chromosome and was not analyzed further. The predicted coding sequence of the Gal-4 gene included three CRDs but upon closer study, actually included the genes for both Gal-4 and Gal-7. A study of the gene attributed to Gal-5 revealed that it was actually homologous to mammalian galectin-related HSPC159. No canine genes homologous to rat Gal-5, mouse Gal-6, human Gal-10, human Gal-13, ovine Gal-14, ovine Gal-15, human PP13, or human PPL13 were identified. In general, genes for canine Gal-1, -2, -3, -4, -7, -8, -9, -12, HSPC159, and GRIFIN were highly homologous to the corresponding mammalian galectin genes with similar exon/intron structures and amino acid sequence (see Table 1 , Fig. 1 , and supplemental Figs. S1-S8). Canine GRIFIN and HSPC159 lack two and five essential residues, respectively, in the CRDs for sugar binding so they were not further investigated in this study. Primers for amplification of galectins from canine RNA by RT-PCR are described in supplemental Table S1 . External primers overlapped the Met start codon and the stop codon in each case. UTR primers were designed within 5Ј and 3Ј UTR as needed. Internal primers were designed from exon sequences to produce a ϳ200-bp product.
Identification of Endogenous Galectins Expressed in MDCK Cells-RNA was prepared from MDCK cells and amplified by RT-PCR as described in Materials and Methods to yield ϳ200-bp products. RNA from a commercial source of dog jejunum was used as a positive control. RNA for Gal-1, -3, -8, and -9 was most abundant in both MDCK and jejunum as the ϳ200 bp products from RT-PCR were visible on agarose gels with ethidium bromide staining using only internal primers ( Fig. 2A) . Amplification of RNA from Gal-2, -4, -7, and -12 was apparent only with nested primers; the ϳ200 bp product of amplification was produced only when the product from RT-PCR with external primers was subsequently used as template for PCR with internal primers. The data indicated that all the canine galectins could be amplified with the selected primers using jejunum RNA as a positive control, but only Gal-1, -3, -4, -7, -8, and -9 were amplified from MDCK cell RNA. The product of ␤-actin amplification by RT-PCR from jejunum and MDCK cell RNAs was similar.
Cloning of Canine Galectins Expressed in MDCK Cells-
Amplified cDNAs for Gal-1, -3, -4, -7, and -8 prepared from MDCK cell RNA, amplified cDNAs for galectins-2 and -9 from dog jejunum RNA, and amplified cDNA for Gal-12 from dog heart RNA were cloned into pCR2.1 TOPO vector from Invitrogen and sequenced for comparison to the canine genes we identified above (see Table 1 , Fig. 1 , and supplemental Figs. S1-S8).
The cloned canine Gal-1 cDNA had the same nucleotide sequence as predicted by a query of the dog genome. The division of the coding sequence between the four exons of the canine gene was identical to the human Gal-1 gene and there was 82% identity in amino acid sequence.
The cloned canine Gal-2 cDNA had the same nucleotide sequence as predicted by a query of the dog genome (breed, Boxer) except that we found Val-124 is Leu-124 in our cloned cDNAs (breed, Beagle). Interestingly, the division of the coding sequence between exons 3 and 4 (four exons total) was different than reported for the human Gal-2 gene but the amino acids are identical (77% identity between human and canine Gal-2).
The cloned canine Gal-3 cDNA had the same nucleotide sequence as predicted by a query of the dog genome including six 9-mer repeats in coding exon 2. There are a variable number of 9-mer repeats (Q-A/G-P-P-G-G/A/PT-Y-P-G) reported for cow (four), mouse (three), pig (three), human (two), rat (two), and rabbit (one) Gal-3 (see asterisk in Fig.  1D ). Otherwise, the division of the coding sequence between the five exons was identical to the human Gal-3 gene (with 73% identity of amino acids). The exon containing the 5Ј-UTR has not been identified for the canine Gal-3.
The cloned canine Gal-4 cDNA sequence was very different from that predicted by the canine genome data base where it is fused with a sense and antisense copy of canine Gal-7. The division of the coding sequence between the nine exons was identical to the human Gal-4 gene except that the canine Gal-4 is missing one exon of 27 bp (9 amino acids) between exons 4 and 5 (with 77% identity of amino acids) (see asterisk in Fig. 1E ).
The cloned canine Gal-7 cDNA was very different from that predicted by the canine genome data base where its sequence is fused with canine Gal-4 and predicted to have an additional exon between exons 3 and 4. In our cloned sequence, the division of the coding sequence in exons 2, 3, and 4 was identical to the human Gal-7 gene with 76% identity of amino acids. There are a variable number of residues within the first coding exon of mouse (two), dog (five), cow (five), horse (six), and human (six).
The cloned canine Gal-8 cDNA had the same nucleotide sequence predicted by the canine genome database, except that it lacks the seventh coding exon (123 bp) within the linker region and thereby corresponds to the short isoform of Gal-8 (see asterisk in Fig. 1F ). The division of the coding sequence between exons 2-9 of the canine gene was identical to the human Gal-8 gene, while the coding sequence in the first exon is one residue shorter. There is 86% identity between the human and canine Gal-8 short isoforms.
The cloned canine Gal-9 cDNA has the same nucleotide sequence as that predicted by the canine genome database, except that it includes exon 5 (96 bp) and thereby represents the long isoform (see asterisk in Fig. 1G ). Our clone also had Thr-216 instead of Met-216, and Met-281 instead of Thr-281. The division of the coding sequence between the eleven exons of the canine gene was identical to the human Gal-9 gene and there was 74% identity of amino acids.
The cloned canine Gal-12 cDNA has the same nucleotide sequence as that predicted by the canine genome database, except that it lacks an exon (27 bp) between exons 5 and 6 and thereby represents the short isoform (see asterisk in Fig.  1H ). Our clone also had Leu-300 instead of Val-300. The division of the coding sequence between the eight exons of the canine gene was identical to the human Gal-12 gene with 85% identity of amino acids. The exon containing the 5Ј-UTR has not been identified for the canine Gal-12.
Characterization of Glycan Binding for Canine GalectinsThe cDNAs for canine Gal-1, -2, -3, -4, -7, -8, -9, and -12 were subcloned into the bacterial vector pGEX-6P-1 for expression in E. coli as N-terminal GST fusion proteins as previously de- scribed (24) . The fusion proteins were affinity purified on glutathione-conjugated Sepharose and then lactose-conjugated Sepharose to obtain epitope-tagged galectins for characterization on the NIH Consortium Core H glycan array. GST-Gal-2, -9, and -12 consistently gave low yields, most likely due to aggregation in bacterial inclusion bodies (see Fig. 2B for a Coomassie-stained gel of all the GST-Gal). As Gal-9 is expressed in MDCK cells, which is the focus of this study, we attempted to improve the yield by sub-cloning the two carbohydrate recognition domains separately. Expression of GSTGal-9N (residues 1-148) and GST-Gal-9C (residues 225-355) in bacteria gave yields similar to those obtained for other affinity purified GST-galectins (0.2-0.5 mg total from a 2-liter culture) (Fig. 2B) . Binding of Gal-1, -2, -3, -4, -7, -8, -9N, and -9C to glycan arrays on glass slides was carried out at multiple concentrations and analyzed with a fluorescently tagged anti-GST antibody. Greater specificity was consistently revealed at the lower concentrations and the preferred binding was determined by comparing the ranked order at multiple concentrations as previously described (26) . Briefly, each GST-Gal was analyzed at multiple concentrations. At each concentration the Relative Fluorescence Units (RFU) corresponding to the glycan with the highest binding signal was set at 100 and the relative binding of the other glycans was calculated to provide a rank order of binding. The average of the three rankings for each glycan at three concentrations of GST-Gal was determined and the bound glycans were ordered from highest to lowest ranking as shown in supplemental Tables S2-S9. A representative profile at a single concentration for each GSTGal is presented in Fig. 3 . Structures of bound glycans are indicated and the average rank (in red numbering with 1 as the best binding) is provided in each case for comparison to the Amplified DNA (ϳ200 bp) was visible by ethidium bromide staining for Gal-1, -3, -8, and -9 after 28 cycles, while amplified cDNAs for Gal-2, -4, -7, and -12 required nested primers. See supplemental Table S1 for primer sequences. B, cDNAs for Gal-1, -2, -3, -4, -7, -8, -9, and -12 were expressed in bacteria as GST fusion proteins and subjected to SDS-PAGE and Coomassie staining. The N-terminal and C-terminal carbohydrate recognition domains of Gal-9 were individually expressed as GST-Gal-9N and GST-Gal-9C, respectively.
representative profile. A summary of the results are addressed below. Array data are also available online.
GST-Gal-1 binding was analyzed at three concentrations (1, 10 and 200 g/ml) and preferentially bound to N-glycans with terminal Gal␤4GlcNAc as well as linear 3-O-sulfated Gal␤4GlcNAc-R (Gal␤4GlcNAc is LacNAc) (see Fig. 3A) . Interestingly, the highest ranking glycans for binding GSTGal-1on the array were tetra-antennary (1) and tri-antennary (3) N-glycans with terminal Gal␤4GlcNAc and a biantennary N-glycan with terminal Gal␣1,3Gal␤4GlcNAc (2) . Linear structures of both Gal␣1,3Gal␤4GlcNAc-R and Gal␤4GlcNAc-R exhibited 100-fold lower binding (data not shown), but linear Gal␤4GlcNAc1,6Gal␤4GlcNAc-R exhibited significant binding (10) . The biantennary N-glycan terminating in Gal␤1,4GlcNAc was similarly bound with (7) and without (6) terminal Neu5Ac␣2,3 while binding to tri-and tetra-antennary structures with terminal Gal␤4GlcNAc was lost when sialylated. Slightly better binding was observed for 6-sulfated linear glycans [3-OSO 3 ]Gal␤1,4[6-OSO 3 ]GlcNAc-R (4 and 5), when compared with [3-OSO 3 ]Gal␤1,3GlcNAc-R (9) as shown in supplemental Table S2 .
GST-Gal-2 was analyzed at two concentrations (5 and 50 g/ml) and showed notable preference for biantennary Nglycans with terminal Gal␣1,3 extended Lewis x , with or without core GlcNAc fucosylation (see supplemental Table S3 and Fig. 3B ). Binding to other glycans was generally 100-fold lower.
GST-Gal-3 binding was determined at three concentrations (0.1, 1, and 10 g/ml) and preferentially bound N-linked glycans with type 2 chain core (Gal␤1,4GlcNAc) and terminal blood group A or B (1 and 2) , as well as polylactosamine (PL) with various modifications including terminal blood group A (3 and 7) , extended blood group A (8), Neu5Ac␣2,6 (4 and 9) or fucose (10) . In general, longer PL with three Gal␤1,4GlcNAc␤1,3 are recognized better than PL with two Gal␤1,4GlcNAc␤1,3 (compare 5 and 12, 4 and 9, 3 and 7). Details are provided in supplemental Table S4 and Fig. 3C .
GST-Gal-4 binding was determined at three concentrations (0.5, 5, and 50 g/ml) and preferentially bound linear glycans with terminal blood group A (3, 4, 6 ) or Gal␤1,3 extended structures (1) as shown in supplemental Table S5 and Fig. 3D . Blood group A on a biantennary N-glycan (5) had reduced binding when compared with blood group A on lactose (4) or PL (3). Blood group B on lactose (2) or biantennary N-glycan (8) was also bound.
GST-Gal-7 binding was determined at three concentrations (0.1, 1, and 10 g/ml) as shown in supplemental Table S6 and Fig. 3E and preferentially recognizes blood group H, but only on type 2 PL (1 and 2) . Termination of type 2 PL chains with Neu5Ac␣2,6 (6 and 7) or blood group A (5 and 8) , instead of fucose, decreased binding somewhat, whereas termination with Neu5Ac␣2,3 or blood group B was not tolerated.
GST-Gal-8 binding was determined at three concentrations (0.1, 1 and 10 g/ml) as shown in supplemental Table S7 and Fig. 3F and preferentially bound poly-NAc-lactosamine (PL) with various modifications, as well as biantennary Nglycans with blood group A (2) (weaker for blood group B, 7). Binding to PL terminating with Gal (6) was enhanced by addition of terminal Neu5Ac␣2,3Gal␤1,4 (1) but not GlcNAc alone (5) , and was reduced substantially by addition of terminal Neu5Ac␣2,6Gal␤1,4. Binding of PL terminating in blood group A was enhanced by longer PL chains (compare 3 and 9) .
GST-Gal-9N binding was determined at three concentrations (0.1, 1, and 5 g/ml) as shown in supplemental Table S8 and Fig. 3G and showed preferential binding to blood group A as well as 3-O-sulfated disaccharides. Bivalent blood group A found on biantennary N-glycans (1) was bound better than monovalent blood group A found on either lactose (8) or PL  (4 and 7) . Binding to blood group B on biantennary N-glycans (12) was 6-fold lower than the corresponding N-glycan with blood group A (1).
GST-Gal-9C binding was determined at three concentrations (0.1, 1, and 5 g/ml) as shown in supplemental Table S9 and Fig. 3H and showed preferential binding to primarily sulfated disaccharides (eight of top ten). Binding to blood group B on a biantennary N-glycan (6) and PL with terminal Neu5Ac␣2,3 (8) was also observed.
As canine HSPC159 was initially listed as Gal-5 in the dog genome data base, we also cloned the corresponding cDNA and expressed it as "GST-Gal-5." This GST-Gal-5 did bind and elute from the glutathione column but it did not subsequently bind to lactose conjugated to Sepharose during the purification step. 4 This lack of binding was consistent with the lack of five essential residues within its carbohydrate recognition domain.
Differential Binding of MUC1 Subunits to GST-galectinsTo evaluate the potential interaction of canine galectins with MUC1 in MDCK cells, we assessed the ability of the recombinant canine galectins to precipitate immunopurified MUC1 expressed in MDCK cells. Polarized cultures of MDCK cells expressing MUC1 were metabolically labeled and MUC1 was immunoprecipitated from cell extracts as described under "Materials and Methods." The immunoprecipitates were recovered in buffer containing 1% SDS to dissociate the MUC1 large and small subunits and denature any bound endogenous galectins. MUC1 is synthesized as a single peptide but exhibits autocatalytic cleavage within the ectodomain yielding a small subunit containing the transmembrane domain and one N-linked glycan while the large subunit contains four N-linked glycans and the mucin-like tandem repeat domain with numerous sites for O-linked glycans. The samples were diluted into buffer containing 1% Triton X-100 and ␤-mercaptoethanol prior to mixing with the GST-galectins to stabilize recombinant galectin structure and activity. Fresh aliquots of each GST-galectin were affinity purified on lactose-conjugated beads immediately before binding to glutathione-conjugated beads and incubation with immunopurified MUC1. After overnight incubation at 4°C, the washed beads were incubated sequentially with buffer containing 0.1 M sucrose (control), 0.1 M lactose (specific-binding), and glutathione (GST-Gal recovery). MUC1 released by sucrose and lactose washes were analyzed by SDS-PAGE and transferred to nitrocellulose before analyzing the radiolabeled bands with a phosphorimager (Fig. 4A) . The nitrocellulose was subsequently cut in half and immunoblotted for either the large (M r ϳ250,000) or small (M r ϳ25,000 or a dimer at M r ϳ50,000) subunit of MUC1 (Fig. 4B) . Eluted GST-galectins were subjected to SDS-PAGE, the gel stained with Coomassie, and the bands quantified after scanning. One representative experiment is shown in Fig. 4 and the combined results from four independent experiments are shown in Fig. 5 .
In general, we observed Ͼ10-fold greater recovery of MUC1 from GST-galectins bound to glutathione-conjugated beads when the beads were incubated with lactose (L) than with sucrose (S), consistent with specific binding of MUC1 to all of the canine galectins (Fig. 4, A and B , compare lanes S with L in each case). We also observed similar levels of each GST-galectin released from the beads with glutathione when analyzed by Coomassie staining (Fig. 4C) . The combined results from four independent experiments reported in Fig. 5A indicated that the large subunit preferentially bound both GST-Gal-3 and GST-Gal-9N. No significant difference was observed for the results obtained by analysis of either radiolabeled or immunoblotted large subunit. Binding of the large subunit to GST-Gal-4, -7, and -9C was 2-3-fold less, while binding to GST-Gal-1 and GST-Gal-8 was 5-and 10-fold less, respectively. We consistently observed that the small subunit preferentially bound to GST-Gal-3 in every experiment. The combined results in Fig. 5B indicate that binding of the small subunit to GST-Gal-7, -9N, and -9C was 3-4-fold lower while binding to GST-Gal-1, -4, and 8 was 5-10-fold lower. We did observe a trend toward greater binding of the small subunit to GST-galectins other than GST-Gal-3 when analyzed by metabolic labeling than by immunoblotting. Tables for all data) . Numbers in black represent the position of the specific glycan on the array. One profile is shown for GST-Gal-1 (A), GST-Gal-2 (B), GST-Gal-3 (C), GST-Gal-4 (D), GST-Gal-7 (E), GST-Gal-8 (F), GST-Gal-9N (G), and GST-Gal-9C (H). Yellow circle, Gal; yellow square, GalNAc; blue circle, Glc; blue square, GlcNAc; green circle, Man; red triangle, Fuc; purple diamond, Neu5Ac. 
DISCUSSION
Our interest in the role that galectins might play in glycandependent apical targeting in polarized MDCK cells led us to search for the canine galectin genes. We identified canine genes corresponding to Gal-1, -2, -3, -4, -7, -8, -9, and -12 as well as the galectin-related genes (lacking functional CRD) HSPC159 and GRIFIN. Canine genes homologous to the species-specific rat Gal-5, mouse Gal-6, human Gal-10, human Gal-13, ovine Gal-14, ovine Gal-15, human PP13, and human PPL13 were not found.
Using RT-PCR we estimate that the levels of transcripts expressed in MDCK cells are Gal-3 Ͼ Gal-9 Ͼ Gal-8 Ͼ Gal-1 Gal 4 Ͼ Gal-7, as evidence of Gal-4 and Gal-7 transcripts was obtained only with nested primers. Using realtime PCR and primers based on the canine exon sequences, Friedrichs et al. found that Gal-3 transcripts were 100-times more abundant than transcripts for Gal-1, -8, and -9, and 100,000 times more abundant than transcripts for Gal-12 which is consistent with our findings (23) . However, the same group mistakenly identified transcripts for Gal-6, but not Gal-4, using erroneous sequences for the PCR primers (exon sequences for canine Gal-4 were used for the sense primer to amplify Gal-4 and the antisense primer for Gal-6, while the sense primer for Gal-6 was homologous to both mouse and canine Gal-4 exon sequences and the antisense primer for Gal-4 has no match in any data base) (23) . Some of the confusion likely comes from the fact that the mouse-specific Gal-6 gene diverged from the more common Gal-4 gene found in a large variety of species (22) . Our findings are most consistent with the existence of a canine Gal-4 gene rather than a Gal-6 gene based on gene intron/exon structure and amino acid homology of the coding sequence (see Fig. 1E and supplemental Fig. S4 ).
We expressed Gal-1, -2, -3, -4, -7, -8, -9N, and -9C as Nterminal tagged GST-fusion proteins in bacteria and glycan preferences were assessed on a synthetic glycan array using a fluorescently tagged anti-GST antibody. Glycan preferences for our canine GST-Gal-1 and -3 were similar to those previously determined for biotinylated human Gal-1 and Gal-3 on the array using galectins at varying concentrations to assess specificity (27) : (i) GST-Gal-1 specifically bound sulfated Gal␤4GlcNAc, while GST-Gal-3 did not; (ii) GST-Gal-1 preferred branched N-glycans with terminal Gal␤4GlcNAc, while GST-Gal-3 bound branched N-glycans with terminal fucosecontaining human blood groups A and B; and (iii) GST-Gal-3 binds type 2 polylactosamine regardless of the terminal sugar while GST-Gal-1 prefers terminal Gal␤4GlcNAc. Representative results for GST-Gal-1 and GST-Gal-3 binding on the arrays are presented in Fig. 3 . In contrast, we observed a notable difference in glycan preference for the canine GST-Gal-2 when compared with the reported preferences of the human biotinylated Gal-2 on the same array (27) . Whereas the human Gal-2 showed significant binding to human blood group A on LacNAc and PL, the canine Gal-2 bound significantly to only biantennary N-glycans with terminal Gal␣1,3 extended Lewis x , with or without core GlcNAc fucosylation.
Glycan preferences for canine GST-Gal-4 on the array were notably different to those previously published for the mouse Gal-4 labeled with Alexa Fluor 488 on an array of biotinylated glycans on streptavidin-coated microtiter plates (28) . The mouse Gal-4 showed preference for blood group A and B structures due to binding to the C-terminal CRD and N-terminal CRD, respectively, as well as 3-O-sulfated lactose (28) . We found that canine GST-Gal-4 also had preference for blood group A and B although we have not prepared the canine C-terminal CRD and N-terminal CRD separately. Nevertheless, as shown in the supplemental data, GST-Gal-4 binding to sulfated glycans was limited to ]Gal␤1,4[6-OSO 3 ]Glc␤-R (ranked at 12) which was 10-fold lower than binding to fucosylated trisaccharides.
Human Gal-7 affinity for glycans containing LacNAc was previously studied using isothermal titration microcalorimetry, and was reportedly 6 -11-fold weaker than that observed for bovine Gal-1 and murine Gal-3 (29) . More recently, the GST-tagged human Gal-7 was analyzed on the Core H arrays but only at one concentration (200 g/ml) which does not reveal the specificity usually observed at lower concentrations (data is online). Interestingly, we found that the canine GSTGal-7 preferentially recognized blood group H.
Glycan preferences for canine GST-Gal-8 on the array were similar to those previously published for biotinylated human Gal-8 and the two separate CRDs (30) . Whereas human Gal-8 and Gal-8N recognized the same sulfated and sialylated glycans, human Gal-8N did not bind polylactosamine or blood groups antigens; and human Gal-8 and Gal-8C did bind polylactosamine, but not sialylated or sulfated glycans (30) . In contrast, we observed that the canine GST-Gal-8 prefers polylactosamine with terminal Neu5Ac␣2,3 (ranked at 1), but not Neu5Ac␣2,6, and it also prefers polylactosamine and branched N-glycans with terminal blood group A (weaker for B). GST-Gal-8 interaction with sulfated glycans was limited to ]Gal␤1,4[6-OSO 3 ]Glc␤-R (ranked at 31), which was significantly lower than maximal binding on the array.
Glycan preferences for human Gal-9 have not been studied at varying concentrations on the Core H array. Using frontal affinity chromatography, human Gal-9C and Gal-9N CRDs are both reported to bind branched N-glycans and polylactosamine, while human Gal-9N also binds glycolipid-type glycans such as the Forssman pentasaccharide (31) . We found that the canine GST-Gal-9N binds preferentially branched N-glycans with terminal blood group A as well as sulfated disaccharides, while GST-Gal-9C prefers sulfated disaccharides but will bind to branched N-glycans with terminal blood group B.
Several galectins appear to have retained an exquisite specificity for human ABO(H) blood group antigens (27, 31, 33, 34) . Blood group antigens represent polymorphic antigen structures (35) . As a result, it is unlikely that the galectinblood group antigen interactions regulate key processes in the trafficking and localization of cell surface glycoproteins and the initiation of key regulatory events. Indeed, the polymorphic nature of blood group antigens likely arose from unique selective pressures to reduce pathogen invasion (36, 37) . However, while blood group modification may reduce patho-gen invasion, their presence also eliminates the ability of an individual to develop antibodies against these antigens (35) , exposing blood group positive individuals to pathogens that bear cognate antigens. Indeed, blood group positive pathogens are responsible for the induction of anti-blood group antibodies in blood group negative individuals (38, 39) , suggesting that blood group positive individuals would be uniquely sensitive to infection by blood group positive pathogens. Given the ability of several galectin family members to recognize blood group antigens, recent studies examined whether galectins might uniquely fill this gap in adaptive immunity. Interestingly, Gal-4 and Gal-8 specifically recognize and kill blood group positive E. coli, while failing to recognize or alter the viability of other blood group negative bacteria (40) . In this way, Gal-4 and Gal-8 provide protection against blood group positive bacteria regardless of the blood group status of an individual. The ability of several canine galectins to also recognize blood group antigens suggests that these innate immune functions may be conserved, as recently suggested for murine . Future studies will examine these intriguing possibilities.
The possibility still remains that galectins have evolved to play some role in membrane trafficking of transmembrane proteins. There are published data showing that Gal-3, -9, and -1 binding to cell surface proteins such as epidermal growth factor receptor, the glucose transporter Glut-2 and the Ca ϩ2 channel TRPV5, respectively, stabilizes cell surface expression (32, 41, 42) . Gal-3 and galectin-4 have also been implicated in glycan-dependent and raft-dependent sorting, respectively, of apically expressed proteins in polarized epithelial cells (12, 13) . As MDCK cells are the best characterized model for studying membrane trafficking in polarized epithelial cells, we used the cloned canine galectins to begin to address the potential role of galectins in MUC1 apical targeting in these canine cells. Using the GST-tagged canine galectins in pulldown assays we determined that the small subunit of human MUC1 expressed in MDCK cells binds preferentially to Gal-3 while the large subunit binds preferentially to both Gal-3 and Gal-9N. We also observed that both subunits bound to Gal-1, -4, -7, -8, and -9C but with 2-10-fold lower levels. MUC1 binding to galectin-3 has been previously reported, but this is the first report that MUC1 exhibits significant binding to other galectins, including galectin-9. Yu et al. (17) observed co-immunoprecipitation of endogenous MUC1(large subunit) with galectin-3 from extracts of a human colon cancer cell line (HT29), as well as recombinant galectin-3 binding to MUC1 overexpressed in either MDCK or a human breast epithelial cell line. Argüeso et al. (14) also reported that MUC1 (large subunit) expressed in a human corneal cell line (HCLE) bound to a Gal-3 affinity column in a galactose-dependent manner. However, Ramasamy et al. (15) observed co-immunoprecipitation of galectin-3 and a truncated MUC1 (small subunit only) overexpressed in a ZR-75 breast tumor cell line; and pull-down of the truncated MUC1 with a recombinant GST-tagged human galectin-3 was blocked by mutation of the single N-glycosylation site or by MUC1 expression in glycosylation-defective CHO cells that lack normal N-glycan processing. Therefore, our findings are consistent with studies of MUC1 in other cell types but extend the possibility that MUC1 interaction with additional galectins in MDCK cells are significant and should be studied further.
